This paper presents anovelsignal processing approach that is able to automatically identify notches in pipelines in short distances. In addition, this method locates the geometric position of the notch and determines the size. The approach for fault detection and diagnosis presented look for as olution and then validates the solution by analyzing the signal which flows in the opposite direction. Micro Fiber Composite (MFC)t ransducers are used in an austenitic stainless steel pipeline, used in solar concentrators, in order to generate Ultrasonic Guided Waves. The main results presented in this paper can be summarized as: identification of edges or welds by multi-parametric analysis and comparison with the theoretical results predicted, notch location in the pipe by comparison of the position of echoes weighted with their amplitudes, and the flows izing of them by using attenuation curves of the echoes when theyp ropagate along the pipeline. This approach leads to employo nly one transmitter and one receptor for notch detection, location and diagnosis. The main advantage for the industry is the double check of presence of anotch with respect to other systems, which reduces false alarms during the inspections.
Introduction
The importance of non-destructive testing for pipelines has significantly increased in recent years due to the surge of pipelines in the gas, petrol, chemical and energy generation industries. Non-destructive testing techniques can identify structural damage at avery early stage and prevent further failures, reducing economic loses [1] . Structural health monitoring, together with advanced signal processing methods provide current status of the pipes [2] . This information leads the identification and diagnosis of the fault in ap ipe and its location [3, 4] , and thus, strategies can be set for predictive maintenance [5, 6, 7, 8] . In addition, these techniques can be controlled remotely,reducing the maintenance costs, downtimes, etc. [9, 10, 11, 12] .
Inspection techniques using guides wavesare being employed in structural monitoring techniques. This is due in large part to the drawbacks encountered in other nondestructive testing techniques, such as thermographya nd radiography. An example of one such drawback occurs when examining solar concentrator pipes. Thermography has alimited ability to identify internal defects if theyare not outwardly manifested as temperature, and industrial radiographyi sd angerous for people who are close to the Received17June 2016 , accepted 2August 2017 inspection site. Furthermore, the long range of the guided wavescan inspect agreater distance than other techniques.
The inspection by guided wavesc onsists of the excitation of an ultrasonic transducer,t hat generates ultrasonic wavest hat are propagated through the pipe [13] . The main advantage offered by this technique, compared with traditional ultrasonic methods, is the ability to inspect structures, such as plates or pipes, along several meters. This technique permits to knowt he state of the pipe at as pecificl ocation. In some cases, hundreds of meters can be inspected without the relocation of the transducer. Novelm ethodologies in signal processing are being published, such as predictive analysis online, in order to be employed in structural health monitoring and ultrasonic waves [14, 15] .
The purpose of this paper is to design anovelfault detection and diagnosis (FDD) [ 16, 17] model using ultrasound inputs in conjunction with advanced signal processing methods [18, 19] to monitor the structural condition of austenitic stainless steel pipes [20] . This paper presents a novelsignal processing approach that is able to automatically identify notches in pipelines. In addition, this method locates the geometric position of the notch and determines the size of the damage. It findsasolution and then it is validated analyzing the signal that flows by other way. This approach leads to employonly one transmitter and one receptor for fault detection, location and diagnosis.
State of the art
Pipelines are used in long-distance transport of gasand liquid, e. g. fossil fuel. The environmental impact due to any failure of the pipes can be critical. The main defects are corrosion [21] delamination [22] and cracks [23, 24, 25] , that can occur on both inner and outer surface. It is crucial to detect faults in an early state, before theygrowand can traverse the thickness of the pipe, causing anyfailure [26] .
Ultrasonic wavest echnique has been used in curved structures [27] . Lamb wavesa re guided wavest hat propagate in thin plate structures or shell structures [28] . The interest in Lamb wavest oi dentify structural damage has increased in recent years [29, 30, 31, 32, 33, 34, 35] . Lamb waveshavethe property of propagating for long distances in plates and sheets and its application is useful for covering large areas [36] .
Ar eviewo nt he state of the art of Lamb wave-based damage identification approaches for composite structures is done in [26] . Reference [22] presents anew Lamb wavebased delamination detection technology that allows detection of delamination in asingle wave propagation path without using prior baseline data or apredetermined decision boundary.Anumerical modelling and simulations of PZT-induced Lamb wave propagation in plate-likes tructures by using the spectral finite element method is introduced in reference [23] . Apattern recognition is employed in reference [37] , where the accuracyi si ncreased by algorithm by the reconstruction of the baseline signal. The signal processing methods found in the literature are not auto-validated.
Cylindrical Lamb waves
There are novelr esearch studies that showt he fault detection in pipes by Lamb Wavesi nspection [38, 39, 40] . Fault identification using Lamb wavesisinanearly stage of development compared with other techniques, e.g. ultrasonic scanning. Depending on the directions of propagation, guided wavesi nc ylindrical pipes can traveli n circumferential or axial direction. Gazis et al. studied the propagation of harmonic wavesi nalong elastic hollow cylinder [41, 42] . Fitch, Silk and Bainton [40, 43] , applied and studied the different wave modes in hollowcylinders.
Cylindrical Lamb wave's modes are longitudinal, torsional and flexural, labelled with L, T and F respectively. The cylindrical Lamb wave's modes have twoi ntegers, L(n, m), T (n, m), and F (n, m), (n, m = 0, 1 ...): n = 0 indicates that the pipe is axially symmetric, being the case in most applications; mi ndicates the mode number,e .g. L(0, 1) propagates through the thickness of the pipe similar to the A 0 mode in flat plates, and L(0, 2) mode propagates similar to the S 0 mode in plates. L(0, 1) and L(0, 2) are the most appropriate modes for damage identification because of their axisymmetric properties facilitate the inspection along the circumference of the pipe.
The guided wave mode selection and the excitation frequencyd epend on the type of defect. In the references [44, 45] , it is suggested that the S 0 is more sensitive to detect cracks located in the centre of the thickness. However,the S 1 is more efficiencyfor detecting cracks close to the surfaces. The calculation of the reflection factor for a longitudinal mode showed that close to the first cutoff frequencythere were manymode conversion, and the results found were not clear enough. The problem could not be analyzed employing lower-frequency, i.e. it did not present ac lear sensitivity to detect small cracks. The results are good when the shear horizontal mode is used. The shear horizontal circumferential guided waveswere used for detecting the crack.
Wang et al. considered the characterization of defects and analysed the reflections of edge echoes and defect echoes [46] . It wasg enerated as an artificial notch as defect in each pipe, setting the axial and circumferential extent and radial depth. The three parameters were increasing by amilling machine. The edges were of the front and back of defect, being the pipe length 2030 mm. The signal generated from the defect reflection involved overlapping signals as result of the reflections at different edges of the defect. The signals were coincident when theywere originated from the front edge of the defect at the twoa xial extents. The signal from the back edge of the defect presented irregular change. The overlapping of both signals analyzed individually.The reflection problem wasdivided into several small problems associated to edge reflection. Twoe dge signals provided more independent and correlated information sources of defect. It wasd etected from the front-edge signal by extending the axial extent of the defect. The back-edge signal, embedded in the overall reflection at different axial extents, could be extracted by subtracting the reference from each reflection signal.
Different methodologies to detect and locate cracks in pipelines by the Time of Flight (ToF)a nd the analysis of the Lamb wavesp ropagation have been done. Tua et al. used it for the detection of cracks in an aluminium plates with welds and pipes [46, 47] . The novela pproach presented in this paper identifies, determines the size and locates defects in pipelines for short distances. The approach finds asolution and then it is validated analyzing the signal that flows by other way, presenting anovelty regarding to the state of the art.
Case study
The novelm ethod for fault detection and diagnosis has been applied in ac ase study to validate it. The notch has been induced between twotransducers. However, it would be possible to use manyactuators to provide complete coverage of the pipe [46] .
The distance between transducers and the edges, together with the propagation velocity,w ill provide the location of the notch in case there is.
Macrofi ber composite transducers
The macro fiber composites, developed at NASA's LangleyResearch Centre, are composed of piezoceramic fibers that are incorporated into an epoxy resin [48, 49] . The piezoceramic fibers are unidirectionally aligned and embedded between twos ets of inter-digitated electrodes. It can be adapted to curved shell structures, and, consequently,itfits properly in pipes. Transducers are identical and theycan reverse their roles. The transducers have been arranged on the pipe to generate the modes L(0, 1) and L(0, 2) ( Figure 1 ).
The type of MFC transducer employed in this paper were M2814-P1 (Smart Material Corp.). This type of MFC, which is available in d33 operational mode, actuates and senses along the length of the MFC patch [50] .
Properties of stainless steel pipe
The 316L austenitic stainless steel is used in the chemical and petrochemical industries. It is within the Cr-Ni-Mo group designed for increased resistance to pitting corrosion. The material used is considered isotropic. The physical properties of this material are shown in Table I .
The velocities of the Lamb wavesa re dependent on wave frequencya nd the thickness of the pipe, known as dispersion. The dispersion of these wavesc an be predicted by the dispersion equations of Lamb waves [ 51] , and the graphical solutions of the equations are the dispersion curves. Figure 2shows the relationship with the group velocity and frequencyfor the pipe of 3.05 mm thick.
Experimental procedure
It wasd esigned and developed an algorithm to detect changes in the thickness of the pipe, to locate them and to determine the size of the damage.
An experimental platform for ultrasonic inspections has been designed and developed to carry out the experiments. Figure 3c onsists of ad evice that is capable to read and generate signals up to 4MS/s. The device is connected to a PC for condition monitoring. The high frequencyamplifier is used to enhance the signal to noise ratio. The actuator is drivenb yt he computer and different input signals can be generated. Cylindrical Lamb wavesw ere activated in the 316L austenitic stainless steel. TwoM FC transducers were employed, one of them as actuator and the other as a sensor.
Different frequencies were analysed to identify the best frequencyfor this case study.Note that different excitation frequencies, geometries or materials will result in another propagation velocity.The selected frequencywas 200 kHz and 6c ycles pulses, according to the references [52, 53] where it is shown that an arrowb andwidth signal with a certain number of cycles can greatly prevent wave dispersion. The guided waveswere collected by the sensor.
The case study consists of twos cenarios; the first is to obtain reference signals of the pipe without anydefect; for the second scenario is induced af ault with six different depths. The damage is atransversal cut of 2cmlong, and the increment of depth of each cut is 0.5 mm. Figure 4s hows the location of the transducers and induced crack on the pipe.
Signal processing
The signal processing approach is based on system identification techniques in discrete time to estimate faults. The Hilbert Transform will be employed together with an automatic peak detection algorithm.
The method detects the peaks that correspond to echoes reflected from the edges [54] . It can be extended to other discontinuities that produce ar eflection in the ultrasonic pulse, e.g. welds. This is used for the inspection of welded pipes in series, e.g. gas&oil transportation and concentrated solar plants [55, 56] . The echoes that come from the edges are discarded. The rest of echoes are analysed as feasible faults. The twoe choes that come from the same feasible point are identified. The distances from the transducers to the edges and the velocity of propagation of the ultrasonic pulse are employed in the approach. The algorithm shows the exact location of the defect when the potential crack is detected, and the severity of the damage is calculated by comparison with the reference signal.
Envelope and smooth
The Hilbert Transform is employed to obtain the envelope of the filtered signal. The Hilbert transform is an approach to study the energy distribution of aLamb wave in the time domain [57] . It is useful to obtain the energy envelope, where local features can be identified [58] . It is necessary to smooth the envelope to findevents in the signal (mainly peaks). An inadequate windowsize could produce distortions as "sawtooth" in the signal. Agood result is achieved by aW avelet denoising filter to the lowfrequencydecompositions (approximations) [59] .
Correction method
Pattern recognition has been employed for fault detection and diagnosis. Captured Lamb wavesa re correlated with the reference signal for ahealthycondition [52] . Damage in the structure can thus be detected and quantified by pattern recognition considering as reference the healthystate.
λ xy is the correlation coefficient of twoLamb wave signals, x and y.The size of the discrete signals is the same (N samples) [ 60, 61] . The correlation coefficient is defined by equation (1) .
When λ xy = 1s ignal x is very similar to signal y.I fa signal is correlated with itself is called autocorrelation.
The pattern recognition approach is based on the autocorrelation of both signals, "reference" and "damaged" signals. Then the autocorrelation of the signal with damage is divided by the autocorrelation of the reference signal to emphasize the differences and to obtain the ratio curve between them.
One advantage offered by the ratio curvei st hat highlights the differences between twosignals it attenuates the similarities between them. An example of similarity between signals are the echoes that come from the edges (present in all the cases regardless of the damage). It produces the weakening of the boundary effect.
Edges location
The novelapproach firstly identifies the echoes that come from the edges of the pipe. The guided wavesgenerated by the actuator are propagated in twodirections, forward and backward. Also both modes L(0, 1) and L(0, 2) are generated in both directions. L(0, 2) mode is analysed and direct pulse is detected and the propagation velocity determined.
Then, twoedge echoes on each path are studied. On the forward path, the first twoe dge echoes (F.1 and F.2) are found. In the same way, the first tworeflections along the back path are detected (B.1 and B.2).
The location of the echoes that come from the edges are theoretically calculated by the travelled distance (forward and back)and the propagation velocity.Theyare analysed together with the experimental results, and the real echoes in the signal (peaks)that coincide with the theoretical edge echoes are identified.
The process shown in Figure 6consists of the following steps:
• Peak searching: It is important to select the proper threshold for this purpose.
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• Identify the first event that indicates the instant when the actuator is excited.
• Identify the first pulse receivedb yt he sensors of each wave mode (Direct Pulse). 
The purpose of this approach is to select the real peaks having its theoretical homologous. Fore ach x i ,t he most similar value x * j is chosen if the difference between them is less than the tolerance θ,else an alarm would notice that the similitude has not been found. The minimum value of the components of each column C j is givenbyaparticular x i . X edges is asubset of X that contains the minimum values of each column C j ,i.e.
X edges j = χ r ,χ r ∈ X ∀r, j :
This method detects the absolute and relative error between the value obtained and expected for each event. 
Crack location
The longitudinal Lamb mode L(0, 2) is studied to obtain the location of the damage. This mode is more sensitive to the changes in this case study. The peaks that have not been considered yet are possible echoes that can come from acrack (X cracks ). The reflection from the crack could be overlaid with echoes from edges. The method does not consider these cases.
The heights of X cracks are
The approach is based on the search for twoe choes that come from the same crack, buth aved i ff erent routes. It considers that if the ToFe mployed to traverse ac ommon section is almost equal, the defect is detected and therefore located. The scheme of this methodology is shown in Figure 10 . The twos hortest paths for detecting ac rack between the sensor and transmitter are shown as "a" and "b" in Figure 11 . The distance travelled by an echo in "a", e.g. The paths are shown in Figure 11 .
Path "a":
Drc a = drc a,1 ,...,drc a,k ,...,drc a,m−n , k = 1, 2,...,n−m.
Path "b":
The distance drc a,k is compared with all the echoes that come from the path "b" (drc b,k ). The pair of echoes that provide the most similar distances, drc 1 and drc 2 ,havethe greatest likelihood to come from the same notch.
where k = 1, 2,...,n − m and l = 1, 2,...,n − m.T he signals could appear as superposition of twoe choes that came from "a" and "b", i. e. theyc ould be showed as a single peak. The main diagonal of D provides the solution for these cases. The component is the minimum difference between both paths, givenby
where τ is the tolerance. The distance of the crack from the sensor f crack,a is givenby
The main diagonal is not considered, i. e. it is assumed that there are no overlapping echoes. The difference between the d rc a,k and d rc b,l must be within the tolerance. 
In manyc ases, the amplitude of the echoes is several orders of magnitude smaller than the "x" axis. The following heuristic method is employed to weight the amplitude and corrects this problem. 2, 3,. ... Figure 12 shows the echo coming from the crack by path "a". Similarly,t he crack location it would be the same if path "b" had been chosen.
Finally,w hen the location is determined, the crack is shown in as chema with the dimensions of the plate and the position of the sensors ( Figure 13) .
Note that the roll of the transducers can be inversed. The method shown is consistent for the role exchange. In that case, in the input data, the values of dr and dt must be exchanged with the values of drc and drt respectively.
Notch sizing
The correction method explained in section Bisemployed to obtain the notch size. The ratio curvei so btained by dividing each autocorrelation with the autocorrelation of the reference signal. Figure 14 shows the ratio curves and the behaviour of the curves when the echo coming from the damage is collected. The amplitude variations of the curves are proportional to the notch.
The predicted notch is obtained using the equation
Highest point n · Tested dmge n , i = 1, 2,...,n. The ratio curvei sc omputed by dividing the autocorrelation curveo ft he damage signal by the autocorrelation of the reference signal. The highest point in each ratio curve is called Highest_point.T he Tested_dmge is the ratio of depth of the cut by the thickness of the pipe (3.05 mm). The predicted notch (Predicted_dmge)isthe proportional expected percentage of notch depth computed by taking the highest Ratio Point (1.3)d ivided by the highest base point (2.09)a nd multiplied by 16%. The error is the difference between the tested notch and predicted notch.
Lamb wavesp ropagation in tubes of 316L material is not considered in this paper because there are studies that consider it as [64] and [65] . The method has been tested in the short distances scenarios considered in this paper,and it should be tested for other cases studies.
Conclusions
An ew advanced signal processing approach for cylindrical Lamb wavesh as been developed. The method provides more precise information about the structural state of the pipe, that leads to an increase in safety,r eliability availability and investing returns. This work presents anovelapproach based on signal processing to automatically identify,locate and determine the severity of anotch in apipe under certain conditions. The approach combines twod i ff erent techniques: The first identifies the time of flight of both longitudinal Lamb modes, used to automatically identify the edges or welds of the pipes. Time of flight of the echoes are calculated theoretically and then compared with the experimental times to determine that echoes come from the edges; the second technique uses the correction method in order to identify the differences between the signals in the cases with notches and the reference signals. Then, the position in the time domain of these differences is compared with th ee choes obtained in the first technique, where the location of the notch is obtained. Echoes from the same notch traveling different paths are compared and the defect is located considering each amplitude. The second technique allows knowing the severity of the notch by analysing the changes in the ratio curvebetween the autocorrelations of the different signals. The method has been validated for short distances.
